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Abstract 13 

ECtoMycorrhizal (ECM) fungi are symbiotic organisms that establish mutual associations 14 

between plant roots and fungal mycelia. The ectomycorrhizal fungus Lactifluus deceptivus is 15 

distributed in temperate rainforest of Andean cordilleras of Colombia associated with the host 16 

tree Quercus humboldtii. The genet size and population genetic structure of Lf. deceptivus 17 

associated to these forests has not been investigated yet. In this study, seven microsatellites 18 

markers were employed to characterize the genet size and to analyze the population genetic 19 

structure of Lf. deceptivus from two forests in Boyacá and one forest in Santander. Bayesian 20 

cluster analysis, principal components analyses and ϕST /Rst values strongly separated 21 

Boyacá populations from the population in Santander. Additionally, the population from 22 

Santander had a reduced gene flow when compared to populations from Boyacá. The studied 23 

populations of Lf. deceptivus showed strong differentiation and a decreased gene flow, both 24 

phenomena with a pattern of geographic isolation.  25 

Key words: Ectomycorrhiza (ECM), colonization stage, genets, microsatellites, gene flow.  26 
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Introduction  28 

ECtoMycorrhizal (ECM) fungi are symbiotic organisms that establish mutual associations 29 

between plant roots and fungal mycelia and belong to the class Agaricomycetes (Phylum 30 

Basidiomycota) and some species to the phylum Ascomycota. The establishment of ECM 31 

fungi is important for the ecology of different ecosystems, including temperate, boreal, and 32 

some tropical forests (Sawyer et al., 2001). Ectomycorrhizal fungi obtain their carbon source 33 

from host plants and provide their hosts with water and nutrients, thus resulting in growth to 34 

the plant and also in resistance against abiotic and biotic factors (Liang et al., 2005; Wang et 35 

al., 2015).  36 

Knowledge of the population structure of ECM fungi is essential to understand the 37 

diversity and distribution of these fungi in ecosystems (Liang et al., 2004). To define a 38 

population in ectomycorrhizal fungi, it is important to define first, for each particular fungus, 39 

the basic genetic unit, also called a genet. The dikaryotic mycelia of an ECM fungus are 40 

considered vegetative clones, and sporocarps derived from the same clone have identical 41 

genetic backgrounds (Liang et al., 2005).  Thus, a group of fruiting bodies coming from the 42 

same underground mycelia shows same polymorphic profiles when using different molecular 43 

techniques such as AFLPs, RAPDs, PCR-RFLP, ISSRS, SSRs (Douhan et al., 2011), and they 44 

constitute a genet (Liang et al., 2005; Zhou et al., 2000). Therefore, the analysis of the 45 

distribution, size, and persistence of ectomycorrhizal genets is a determining factor for 46 

understanding the population genetic structure of these organisms (Bagley et al., 2004; 47 

Bergemann et al., 2002; Dahlberg et al., 1994; Dunham et al., 2006; He et al., 2011; Liang et 48 

al., 2004, 2005; Redecker et al., 2001; Sheedy et al., 2015; Wang et al., 2015; Zhou et al., 49 
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2000; Zhou et al. , 2001). A population in ectomycorrhizal fungi can be considered as an 50 

arbitrarily delimited set of genets within a single species (Dahlberg et al., 1999). 51 

According to Gryta et al. (1997) and Redecker et al. (2001), ECM fungi may have small 52 

or large genets. The size correlates with the ecological mode of dispersion of these fungi. 53 

Fungi with small genets have been associated with dispersion by spores whereas large genets 54 

seem to be dispersed by vegetative mycelia. Spore dispersal in the colonization of early stage 55 

ECM fungi (those that colonize tree roots efficiently by spores) typically involves a high 56 

number of genotypes and consists of small (1.5 to 20 m diameters) and non-persistent (short 57 

lived) genets (Muller et al., 2004; Wang et al., 2015, Redecker et al., 2001). Among the 58 

species that have been associated with small genets are Hebeloma cylindrosporum, Laccaria 59 

amethystina, Suillus grevillei, and S. bovinus (Dahlberg et al., 1994; Redecker et al., 2001; 60 

Sawyer et al., 2003). On the other hand, the colonization of late stage ECM fungi is 61 

considered typically vegetatively. These have low levels of genotypic diversity and consist of 62 

large (may be greater than 20 to 40 m diameters) and persistent (long lived) genets, requiring 63 

high levels of nutrients. Some examples of these large genets include ECM species such as 64 

Cortinarius rotundisporus, Pisolithus marmoratus, Suillus sp., Lactarius spp.,. and 65 

Xerocomus spp. (Keizer & Arnolds, 1994). Although Lactarius species are typically 66 

considered to be dispersed by vegetative mycelia, they may also have small genets, which do 67 

not exceed a diameter of 7.3 m (Redecker et al., 2001). 68 

Studies aiming to estimate the genetic differentiation and gene flow within and among 69 

ECM populations use the estimators such as ϕST  and RST to measure genetic diversity, with 70 

haplotypic data, and diferentiation in allele frequency among populations,with microsatellite 71 
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data, respectively (Holsinger & Weir, 2009). Furthermore, both indices have been used to 72 

show the gene flow between and within ECM fungi populations (Bergemann et al., 2006; 73 

Bergemann & Miller, 2002; Dunham et al., 2006; Gryta et al., 1997; Sheedy et al., 2015). For 74 

example, Sheedy et al. (2015) used the above-mentioned statistics to investigate the 75 

population genetic structure of Laccaria sp. in differents locations. They report a substantial 76 

genetic struture between population of this fungus, where the highest allelic diversity and 77 

gene flow were found in a locality that appeared to contain a panmictic population, whereas 78 

the more fragmented populations were characterized by a low allelic diversity and gene flow 79 

(Sheedy et al., 2015).  80 

The genetic variability within populations of ECM fungi has been assessed by using 81 

polymorphic markers, such as microsatellites (Bergemann et al.,  2005; Högberg et al., 2009; 82 

Liang et al., 2004, 2005; Sheedy et al., 2015). These highly polymorphic markers only 83 

amplify targeted regions and have allowed the identification of sporocarps belonging to a 84 

single genet (Zhou et al.,2001). Furthermore, this tool have allowed the generation of high-85 

density genotype datasets for fungal (Leboldus et al., 2015), and a deeper understanding of 86 

the population genetics of ECM fungi (Douhan et al., 2011; Lindahl et al., 2013; Tautz et al., 87 

2010). 88 

 Lactifluus deceptivus (Peck) Kuntze is a species belonging to one of the most diverse 89 

and abundant worldwide ECM genus (Geml et al., 2009). In Colombia this fungus is mainly 90 

distributed in the Andean cordilleras between 2300 - 3200 m.a.s.l (Franco, Aldana, & Halling, 91 

2000), associated with Quercus humboldtii forests with a mean annual temperature ranging 92 

from 12 to 20°C, and a mean annual precipitation ranging from 100 to 175 mm. The 93 
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knowledge about this fungus in Colombia is based on reports of its presence under Q. 94 

humboldtii forests (Franco, Aldana, & Halling, 2000; Halling & Mueller, 2005; Vasco & 95 

Franco, 2013), with no genetic studies of the species in the country to date.   96 

The oak forests in Colombia represent an extensive vegetation mass, ranging from 750 97 

m to 3450 m altitude (Cárdenas &  Salinas, 2007), resulting in large vegetation of the Andean 98 

belt. Quercus humboldtii is distributed only in the three Cordilleras of Colombia and in a 99 

location of the Darién in Panamá (Cárdenas &  Salinas, 2007; Fundación Natura, n.d.). 100 

Although Q. humboldtii is a widely distributed and abundant species, it has been reported that 101 

nearly 42% of their populations have suffered an intense decline process (Cárdenas & Salinas, 102 

2007). Currently, this species is in a category of vulnerable, mainly because the characteristics 103 

of its wood made it a strong element of extraction and production (Cárdenas & Salinas, 2007). 104 

The Santander and Boyacá regions have the largest oak forests areas (Q. humboildtii) of 105 

Colombia, distributed throughout the Iguaque – La Rusia – Guantiva corridor (Fundación 106 

Natura, n.d.). These regions however are also the most fragmented (Cárdenas & Salinas, 107 

2007). Similarly, effects of fragmentation are starting to show structure variation in several 108 

plant species as Colombobalanus excelsa, Aniba perutilis, Podocarpus oleifolius, Geonoma 109 

orbygniana, Ceroxylum quinduense, C. vogelianum, Nectandra spp., Ocotea spp., Persea 110 

spp., Weinmannia spp., Cinchona spp., Cedrela montana, and others (Avella & Cárdenas, 111 

2010; Fernández & Sork, 2006).  112 

Particularly, the fragmentation of oak forests is widespread and there is a reduction in 113 

the allele richness in Quercus humboldtii species (Avella & Cárdenas, 2010). The sampling 114 

areas included in this study are located in a zone of the northern Andes where a moderate 115 
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population structure and restricted gene flow has been reported (Avella & Cárdenas, 2010; 116 

Fernández & Sork, 2006). In this study we aim i) to determine the size and distribution genets 117 

in three populations of Lf. deceptivus associated with oak forests (Q. humboltii), by using 118 

multiple genetic markers; ii) to determine whether these populations are genetically 119 

structured; and iii) to assess the degree of gene flow within and among populations. 120 

Materials and Methods 121 

Collection sites and specimens  122 

Sporocarps of Lf. deceptivus were collected under oak forests (Quercus humboltii) in three 123 

localities of Colombia during four consecutive years (2013 to 2016). Two sampling areas are 124 

located in the central region of Colombia in the department of Boyacá: Vereda Centro (5º 125 

45’16” N 73º 261’5” W, 2545 m.a.s.l), hereafter named Forest 1, and in the Arcabuco 126 

Municipality vereda Peñas Blancas (5º45'16 "N 73º261'5" W 2506 m.a.s.l), Forest 2. The 127 

climate in these two forests has a mean annual temperature ranging from 12 to 20°C, and with 128 

a mean annual precipitation ranging from 100 to 150 mm (IDEAM). The third sampling 129 

locality is in the northeast cordillera in the department of Santander: Vereda San José de la 130 

Montaña (6° 2'31.16"N, 73° 0'1.06"O, 3214 m.a.s.l), Forest 3. This locality is characterized by 131 

a mean annual temperature ranging from 16 to 20°C, and a mean annual precipitation ranging 132 

from 150 to 175 mm (IDEAM). The sampling area on each forest spanned an area of 100 x 30 133 

m. During the collection of the specimens, the distances between sporocarps were recorded, 134 

and the position of each sampled individual was mapped in an x-y coordinate grid. 135 

Geographic coordinates were recorded using a GPS (Garmin Oregon 550, Europe) and 136 
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located in Google Earth (https://earth.google.com). 137 

Morphological identification  138 

The collected fruiting bodies were documented and their macroscopic and microscopic 139 

characteristics were documented. For initial species identification, morphological 140 

characteristics of sporocarps were used and compared to taxonomic keys, field guides and 141 

color chart (Franco et al., 2000; Halling & Mueller, 2005; Kuppers, 1996; Singer, 1986). The 142 

microscopic structures were analyzed in 3% KOH, Congo red and Melzer reagents. The 143 

length (L) and width (W) of basidiospores, basidia, and cystidia were measured. The spores’ 144 

Q parameter, the ratio between the average length and width of the spores, were calculated. 145 

The collections were stored in the Museum of Natural History at Universidad de los Andes 146 

(Bogotá, Colombia).  147 

Morphological analysis  148 

Differences between structures, such as the spores’ Q parameter (Q= length/width), 149 

length (L) and width (W) of basidia and cystidia, measures in µm, of individuals collected in 150 

each forest were evaluated using the Pairwise Multiple Comparison of Mean Ranks Package 151 

(Pohlert, 2016) implemented in R V. 3.1.2 software. Initially, the normality of the residuals of 152 

each linear model was evidenced by the Shapiro-Wilk test, to not be normal (P<0.05), non-153 

parametric Kruskal-Wallis test was using. To identify which samples differed from each 154 

other, a multiple comparison was test using Kruskal Pairwise Test For Multiple Comparisons 155 

Of Mean Rank Sum (Nemenyi-Tests) and if any significant difference was evident a Tuckey 156 

test with Bonferroni correction (Hommel, 1988) was executed. Additionally, a linear 157 

discriminant analysis (LDA) based on the combination of morphological variables was 158 
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performed to evaluate whether the morphological traits of the samples of Forest 1, 2 and 3 159 

could be different. All statistical tests were evaluated using the R software.  160 

DNA extraction 161 

DNA was extracted from dried samples previously macerated with liquid nitrogen, following 162 

the Quick-start protocol of DNeasy® Plan Mini Kit Qiagen (Qiagen, USA). Briefly, a grind 163 

buffer mix composed of homogenization buffer and lysis buffer was used. The grind buffer 164 

was added to each fungal sample collected. The use of silica membrane columns allowed the 165 

adhesion of DNA for further purification.   166 

Cross-amplification and sequencing of microsatellites  167 

A total of seven microsatellite markers reported for Lactifluus deliciosus (L.) Kuntze 1891 168 

and Lactifluus mammosus (Fr.) Kuntze 1891, which are phylogenetically close to Lf. 169 

deceptivus and from Russula brevipes Peck 1890, (Hortal et al., 2006; Sawyer et al., 2003b; 170 

Bergemann et al., 2005; Högberg et al., 2009) were tested for the species Lf. deceptivus. 171 

These markers were used for the determination of the genets and the population genetics 172 

statistics. Table 1 shows the specific information of the primer combinations used in this 173 

analysis. PCR reactions were performed with a Peltier thermal cycler (Bio-Rad- Hercules, 174 

California, United States) in 25 µL reaction mixtures containing double distilled H2O, 1 µL of 175 

DNA template, 1 µL of each 10 µM primer, 2.5 µL of Taq 10x buffer, 0.5 µL of 10 mM 176 

dNTP mix, 2 µL of 2mM MgCl2, and 0,2 µL of 4U/µL Taq polymerase; 0.5µL of 0.4g mL-1 177 

BSA and DMSO were added. Cycling parameters for amplification were as follows: 35 cycles 178 

of denaturation at 94ºC for 1 min, annealing at 42ºC for 1 min, extension at 72ºC for 1min, 179 
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and final extension 72ºC for 20 min. Amplified PCR products were visualized by gel 180 

electrophoresis on a 1% agarose gel. Single band PCR products were prepared in a solution of 181 

10.5µL: 0.5µL of internal size-standard GeneScan-500 ROX for the determination of allele 182 

sizes, 9µL of HiDi formamide, and 1µL of PCR product. Alleles were separated by capillary 183 

electrophoresis on an ABI PRISM 3500 DNA Analyzer at the Sequencing Center of the 184 

Biological Sciences Department at Universidad de los Andes. The electropherograms results 185 

were analyzed by GenMapper software (PE Applied Biosystems, USA). 186 

 187 

Statistics and computational analyses 188 

Microsatellites data analysis 189 

The allele size for each microsatellite locus was calculated using geneMapper® software (PE 190 

Applied Biosystems, CA, USA). For the analysis of seven loci (GTG)4, (GGT)6, (GT)12, 191 

(GGT)2(GAT)(GGT)6, (ACC)8, (GA)n and (CAG)n, a peak detection threshold was first set 192 

above 100 RFU (Relative Fluorescent Unit), then compared with a size standard set. Alleles 193 

were scored according to the established loci in referenced studies (Hortal et al., 2006; 194 

Sawyer et al., 2003b; Bergemann et al., 2005; Högberg et al., 2009. This range of allele sizes 195 

is shown in Table 1.  196 

 197 

Size and distribution of genets 198 

The data matrix was evaluated by GenAlEx software V. 6.5. (Blynyon & Flanagan, 2014; 199 

Peakall & Smouse, 2012) and Poppr package in R Software v 1.0.3 (Kamvar, Tabima, & 200 
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Grunwald, 2013) to define the identity of genets, which were defined by identifying unique 201 

combinations of allele frequencies. Only one representative per multilocus genotype was used 202 

to calculate population genetic parameters. The sporocarps sharing the same alleles in all 203 

analyzed loci were encircled in a map and considered a genetic individual (Figure 3). Using 204 

this information, the maximum and minimum genet sizes and distribution were determined. 205 

The confidence interval and mean size of the genet were calculated using bootstraping with 206 

the R Software v 1.0.3. Genets were subsequently used as the basic units for all subsequent 207 

analyses. Departures from Hardy Weinberg equilibrium of each locus were determined using 208 

the software Arlequin v. 3.5 (Excoffier & Lischer, 2011), as deviations from them could 209 

indicate the presence of population structure.  210 

Population genetic analysis 211 

Allele frequencies, allelic and genotypic diversity 212 

The allele richness and genotypic diversity within each forest were calculated by using 213 

GenAlEx v 6.5 (Blynyon et al., 2014; Peakall et al., 2012) and Poppr package in R Software v 214 

1.0.3 (Kamvar, Tabima, & Grunwald, 2013). More specifically, the number of alleles, the 215 

number of private alleles found in only each forest and Shannon’s information index of 216 

diversity and Nei’s unbiased gene diversity, were calculated as done in Sheedy et al. (2015). 217 

Additionally, randomization were made to determine differences among the summary values 218 

(diversity) using the function “diversity_ci()”and “diversity_boot()” that have the option to 219 

perform jack knife rarefaction calculations in the Poppr package in R Software v 1.0.3.  220 

Differentiation among sampling localities.  221 
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Genetic structure was estimated using traditional measures (θST analog FST) of population 222 

differentiation with the corrected dataset, the classification criteria to interpretation of Fst by 223 

Hartl & Clark (1997) was used, where ranges of 0 – 0.05 indicates little genetic 224 

differentiation; values between 0.05 and 0.15, moderate differentiation; values between 0.15 225 

and 0.25, great differentiation; and values above 0.25, correspond to very great genetic 226 

differentiation. An analysis of Molecular Variance (AMOVA) was used to determine whether 227 

the genetic variance is partitioned according to the geographic location of each population, 228 

between or within forests. Both calculations were done using the software GenAlex V. 6.5. 229 

(Blynyon et al., 2014; Peakall et al., 2012). Finally, a Mantel Test (Bergemann & Miller, 230 

2002) was performed to test the correlation between genetic distance (θST) and geographic 231 

distance for both genets and forests using GenAlex software V. 6.5. (Blynyon et al., 2014; 232 

Peakall et al., 2012).  233 

Population assignment 234 

The software STRUCTURE (Pritchard, Wen, & Falush, 2010) was used to the analysis of 235 

population structure using the SSR markers. For the analysis in STRUCTURE, the protocol of 236 

Sheedy et al., (2015) was followed, with the following parameters: an admixture model 237 

allowing individuals to have mixed ancestry and allele frequencies were modeled 238 

independently. Estimation of the number of clusters from K 1 to K 10 were each assessed 239 

with 20 replicates of 100 000 runs discarded as burnin and 500 000 runs kept for each 240 

replicate. The number of clusters with the highest likelihood was estimated with the Evanno 241 

method in STRUCTURE HARVESTER (Earl & vonHoldt, 2012). In addition, to visually 242 

assess between-population differentiation and the contribution of individual alleles to the 243 
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population structure, a Principal Component Analyses (PCA) was used (Kamvar et al., 2014). 244 

 Inferring events of gene flow  245 

Gene flow between populations was assessed using Bayesian inference with Migrate-n 246 

(Beerli, 2012). Migrate-n estimates values for M (M = µ/m; where m is the migration rate and 247 

µ is the mutation rate per generation and locus) and values for theta (θ= xNeµ; where x is the 248 

inheritance scalar, in this case x=4 for a diploid system with nuclear microsatellite loci, and Ne 249 

is the population size). The effective number of migrants per generation (Nem) was calculated 250 

by multiplying M and θ (4Nm = M θ), as done in Sheedy et al. (2015). The continuous 251 

Brownian motion approximation to the ladder (step-wise) model for microsatellite data was 252 

used. Each locus was analysed separately and in combination. Parameters were estimated 253 

from a long chain with a burnin of 10 000 steps, followed by sampling 10 000 steps with a 50 254 

step sampling interval. The chain was replicated five times, which totalled 2 500 000 sampled 255 

steps. 256 

 257 

Results  258 

Distribution of Lactifluus deceptivus 259 

Lactifluus deceptivus sporocarps were collected in three Quercus humboltii forests. A total of 260 

90 collections of Lf. deceptivus were taken from Forest 1 (40) and Forest 2 (40), which are 261 

located in the department of Boyacá, and Forest 3 (10) in the department of Santander. Details 262 

of collection sites and isolates are listed in Supplementary Table 1.  263 

 264 

Morphological traits of Lactifluus deceptivus 265 
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Morphological identification of the samples using both macroscopic and microscopic 266 

descriptions following field guide (ref.) indicated that Lactifluus deceptivus was the species 267 

collected. The following morphological characteristics were determined: 268 

Lactifluus deceptivus (Peck) Kuntze, Revis. gen. pl. (Leipzig) 2: 856 (1891) 269 

Basionym: Lactarius deceptivus Peck 1885 270 

Collections examined: Colombia, Santander/ Belén municipaly/ Vereda San José de la 271 

montaña. 06°02.541” N 72°59.993” W, on soil in Quercus humboltii forest, 11 June 2014.  272 

María Camila Rodriguez MCR#8. Colombia, Boyacá/ Arcabuco municipaly/ Vereda Piedras 273 

Blancas. 05°47’21.55” N 73°28’2.02” O, on soil in Quercus humboltii forest, 11 June 2014.  274 

María Camila Rodriguez MCR#28. 275 

Basidiocarps firm, medium-sized. Pileus 5.5 – 8.5 cm broad, gray-white (A00N10) with brown 276 

tone on the edge; convex-depressed, sunken in the center, infubibuliform; margin involute 277 

when young, regular when mature; surface is dry, appearance smooth and whitish, sometimes 278 

slightly rugulose in the center and at the margin, distinctly mat and velvety, sometimes 279 

velutinous or pruinose, sometimes locally finely cracked, with a straight edge, incurved; 280 

context 0.9 cm, white (A00N10), latex white cream (A00N00), unchanging, very pungent flavor. 281 

Lamellae: adnate-decurrent to the stem, linear, close to subdistant, lamellulae present three 282 

different lengths. Stipe: 4–6 cm long, cylindrical tapering downwards, dry, white (A00N00) and 283 

straining pale brown with age, surface is scurfy to nearly smooth, initially is stuffed, but later 284 

becomes hollow. Latex: white, unchanging, very pungent flavor. Smell of bread.  285 

Basidiospores: white in mass, 9-10 x 10-12 µm (width and long respectively), mean = Q = 286 

1.12 symmetrical globose to subglobose, with ornamentations verruculose type and thick 287 
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wall, amyloid spores. Basidia: 9-10 µm x 51- 60 (-45) µm, basidia with 4 sterigmata, thin 288 

wall. Cystidia: 7-8 µm x 45-46 µm, pleurocystidia, nailed type.  Hymenophoral trama: 289 

irregular, hyphae thin and septate, and laticiferous hyphae are globular. Pileipelis: formed by 290 

interwoven, irregular and thin wall, only one cell type; context: septate and thin hyphae 291 

(Figure 2). 292 

Morphological trait differences among all groups of samples were evaluated with Pairwise 293 

comparisons using Nemenyi tests. The statistical tests showed that basidia width and cystidia 294 

length were significantly different in all forests (P>0.05, Supplementary Table 2 and 295 

Supplementary Figure 1), while the Q parameter basidiospores showed no differences among 296 

the three forests (P<0.05, Supplementary Table 2).  Moreover, the linear discriminant analysis 297 

(LDA) of assessed morphological traits showed a differentiation between the samples of 298 

Forest 3 and samples of Forests 1 and 2. This analysis is supported by two components; the 299 

first component (LD1) explained 91.5% of the variance based on the morphological traits 300 

where the basidia width was the most relevant variable (Supplementary Table 3 and 301 

Supplementary Figure 2). The second component (LD2) showed 8.5% of the variance, where 302 

the Q spore was the most important variable. When evaluated separately, the morphological 303 

traits showed variation among the forests, but only some structures showed differentiation 304 

between two forests (Supplementary Figure 1). When they were evaluated together, a slight 305 

tendency of differentiation was evident between Forest 3 (located in Santander) and Forests 1 306 

and 2 (located in Boyacá) (Supplementary Figure 2).  However, differentiation of microscopic 307 

traits is not sufficient to separate the samples into different populations. 308 

 309 
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Size and distribution of genets of Lactifluus deceptivus 310 

According to the results obtained from the seven microsatellite loci, specimens that shared the 311 

same multilocus genotypes (same alleles at all loci) and singletons were determined to be 312 

individuals. The microsatellite data matrix was constructed to determine the individuals or 313 

genets. The total number of multilocus genotypes (genets) sampled in Forest 1 was N= 13 and 314 

the total number of singletons was n=2, Forest 2 N = 10 genets and n= 5 singletons, and 315 

Forest 3 N=2 genets and n= 6 singletons. Individuals sharing the same alleles at all loci 316 

analyzed were encircled and shown in Figure 3. Genets of the minimum size and containing 317 

more than one sample were between 2 m to 5 m and maximum genet sizes were between 12 318 

m to 27 m (Figure 3). Forest 3 had the smallest genet (2 m), while Forest 2 had the largest 319 

genet (27 m). The minimum and maximum genet size from each forest is shown in Figure 3. 320 

This information suggests that Lf. deceptivus presented the maximum sizes corresponding to 321 

large genets in Forests 1 and 2, while Forest 3 had small genets. However, when calculating 322 

the mean values of genet size of each forest showed that Forest 1, 2 and 3 are in the range of 323 

size 1.5 m to 20 m (Figure 4), suggesting that Lf. deceptivus present small genets in the three 324 

forests.  325 

Population genetic analysis 326 

Allelic and genotypic diversity 327 

To define the populations, we chose one individual, or genetic unit, corresponding to one 328 

fruiting body (from a group of samples included in the genet analysis) that represented each 329 

found genet. They were used in the population genetic analyses. The Allele Richness (AR) 330 

was measured by calculating the total number of alleles and the number of private alleles. The 331 
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number of alleles was highest in Forest 3 and lowest in Forest 1 and 2. Private alleles were 332 

found in Forest 1 and Forest 3; in contrast, no private alleles were found in Forest 2 (Table 2). 333 

The allelic richness was similar within Forest 2 (AR=0.66) and Forest 3 (AR=0.68), and 334 

lowest in Forest 1 (AR= 0.85). Genetic diversity was measured by Shannon’s information 335 

index and Nei´s unbiased gene diversity, Forests 2 and 3 showed high values of genetic 336 

diversity (Table 2), while Forest 1 showed a lower value (Table 2). Similarly, genetic 337 

diversity was higher in Forests 2 and 3 than in Forest 1. The jack knife rarefaction 338 

calculations did not show significant differences between forests (P value >0.05).  339 

 340 

Differentiation among sampling localities of Lactifluus deceptivus  341 

Estimates of genetic differentiation among forests using ϕST, and RST an analogue of Fst, 342 

indicated moderate differentiation between Forest 1 and Forest 2 (ϕST =0.14 and RST= 0.15 343 

Table 3), higher differentiation between Forest 2 and Forest 3 (ϕST = 0.23 and RST= 0.18 Table 344 

3) and between Forest 1 and Forest 3 (ϕST =0.32 and RST= 0.2 Table 3). The AMOVA test 345 

revealed that 22% of the genetic variation was attributed to variations among forests, and 346 

most of the genetic variation (78 %) attributed to variations within forests (Table 4). The 347 

mantel test showed significant correlations between genetic and geographic distances (RXY= 348 

0.40; P=0.001) of forests from Boyacá (Forest 1 and Forest 2) and the forest from Santander 349 

(Forest 3), the values of comparison on between each forests is showed in Supplementary 350 

Table 4, which indicates genetic differentiation between the forests from Boyacá and Forest 3 351 

of Santander.  352 

 353 
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Population assignment of Lactifluus deceptivus 354 

When all populations were analyzed, Bayesian clustering analysis indicated the presence of 355 

two clusters (K=2, most probable) corresponding to Forest 1 and 2 (Boyacá) and Forest 3 356 

(Santander) (Figure 5a). Only one individual from Forest 3 was assigned to the cluster 357 

composed of individuals from Forest 1 and Forest 2. Population assignments for K=3 (the 358 

next most probable K) showed that individuals were grouped in three clusters (Supplementary 359 

Figure 4), where the individuals of all three forests were separated. In this case, three 360 

individuals from Forest 2 were assigned to the cluster composed of individuals from Forest 1, 361 

and one individual from Forest 3 was assigned to the cluster composed of individuals from 362 

Forest 1 and Forest 2. The first results indicated that individuals from Forests 1 and 2 are 363 

different from those of Forest 3; however, an evaluation of the second most likely K showed 364 

that populations from Forests 1 and 2 were slightly structured, results that are consistent with 365 

obtained values of ϕST.  366 

In order to explore the differentiation among these forests, a principal component 367 

analysis of all forests was carried out. When plotting the first two principal components, the 368 

PC1 showed 67.6% mean variance, where all individuals from Forest 1 and 2 were clustered 369 

together and distant from Forest 3, but one individual from Forest 3 was clustered with Forest 370 

1 and 2 (Figure 6). The PC2 showed 11.4% of mean variance between Forest 1 and Forest 2 371 

(Figure 6), where a slight separation between these two locations was evident. These results 372 

showed that the main genetic variation is explained by differences among forests, and they 373 

support the results observed in the Bayesian clustering of K=2, where the populations of 374 

Boyacá are different from populations of Santander. 375 
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Inferring events of gene flow  376 

Bayesian inference analysis using Migrate-N revealed that the three forests have gene flow in 377 

both directions, where Forest 2 was the population with higher values of a mutation-scaled 378 

effective migration rate (M) (Table 5). Given that most values of M (= m/µ) were >1 overall, 379 

the effect of migration (m) is slightly larger than the effect of mutation (µ). The effective 380 

number of migrants per generation 4Nem (= ΘM) had different patterns: the highest rates 381 

were found in Forest 1-2 and Forest 2-3 (4Nem1à2= 1.97 and 4Nem2à3=2.31 (m1à2 makes 382 

reference to individuals migrating from population one to population two)), and the lower 383 

numbers of migrants per generation were present in Forest 3-1 and Forest 3-2 (Nem3à1= 1.34 384 

and 4Nem3à2=0.51) (Table 5, Figure 7). Low levels of gene flow from Forest 3 to the other 385 

two forests support the differentiation showed by STRUCTURE software, between 386 

individuals of Forest 3 to other forests (Forests 1 and 2).  387 

 388 

Discussion 389 

This is the first study to assess the population genetic structure of Lactifluus deceptivus in 390 

Colombia. Molecular techniques have allowed the research in population genetics of 391 

ectomycorrhizal fungi, by generating markers with enough resolution to detect genetic 392 

variability within populations. Some polymorphic markers, such as microsatellites or simple 393 

sequence repeats (SSRs) have been used to determine the genetic variability of 394 

ectomycorrhizal fungi (Bergemann et al.,  2005; Högberg et al., 2009; Liang et al., 2004, 395 

2005; Sheedy et al., 2015). In this study we used SSRs and results showed that Lf. deceptivus 396 

in some forests in Colombia has small genets. Additionally, genetic and geographic distances 397 
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(Boyacá and Santander forests) were correlated, a result consistent with the high genetic 398 

differentiation presented in two distantly separated localities: Santander and Boyacá forests. 399 

Estimates of gene flow also presented lower values between distant localities in Lf. 400 

deceptivus.  401 

 ECM studies have focused on evaluating, identifying and understanding the size and 402 

distribution of genets of ectomycorrhizal fungi (Liang et al., 2005; Redecker et al., 2001). 403 

These studies have classified these fungi into the early stage with small sizes genets (1.5 to 20 404 

m diameter), and late stage fungi with larger genets (20 to 40 m diameter) (Dahlberg, 2001; 405 

Liang et al., 2005). Considering the genet size of Lf. deceptivus in this study, Forest 1 and 406 

Forest 2 populations have large genets that probably behave ecologically as late colonizers, 407 

but the mean size of all genets in these forests correspond to small genets probably as a early 408 

colonization as the population of Forest 3 that is considered to have small genets and could be 409 

early colonizers. These classifications are consistent with two studies, which have found that 410 

different Lactarius species may have large genets (Keizer & Arnolds, 1994) or small genets 411 

(Redecker et al., 2001). In this study, it was not possible to determine if the small genet sizes 412 

from Forest 3 were due to the maturity of the forest, or due to the low number of collected 413 

individuals and the timespan of the collections. Samples from this forest were only found 414 

during one collecting season and it is possible that the total number of collected samples do 415 

not reflect the real size of individual genets. A final explanation could be that individuals 416 

from Forest 3 are representing a younger population of individuals, as discussed below. 417 

After the determination of ecological features mentioned above, genetic analyses were 418 

performed to Lactifluus deceptivus specimens. The values of genetic diversity showed that 419 
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Forest 3 is the most diverse compared with Forests 1 and 2, where Forest 1 presented the 420 

lowest genetic diversity. This low estimate could probably be related with the early 421 

colonization. Some studies mentioned that the diversity indices such as Shannon-Weiner`s 422 

and Simpson`s depend on the number of individuals, specifically this test is very sensitive for 423 

small amounts of individuals (Hennink & Zeven, 1990; Redecker et al., 2001). This fact could 424 

have influenced the diversity values found in Forest 3 by overestimating them, due to low 425 

number of spororcars collected. However, Nei`s unbiased gene diversity, corrected for sample 426 

size, corroborates the data supplied by Shannon´s index, showing that Forest 3 has high 427 

diversity. Similarly, when comparing the results obtained in this study with another study of 428 

Russula vinosa (Liang et al., 2004), where they evaluated 32 sporocarps from 6.4 ha of 429 

subtropical forest in southwestern China, using reproducible RAPD bands, they found genets 430 

with small sizes that have high genetic diversity, results that are similar with the results 431 

obtained in the Forest 3.  432 

Estimates of genetic differentiation (ϕST and RST) showed that the individuals of Forest 433 

3 presented a strong genetic differentiation compared to the individuals of the other two 434 

forests (ϕST 1-3 =0.32 / RST = 0.2 and ϕST 2-3 = 0.23/ RST= 0.18). Additionally, the results of 435 

migration indicated restricted gene flow from Forest 3 to Forests 1 and 2 (0.5 and 0.2 436 

respectively) over a distance of approx. 115 km, while the genetic differentiation evidenced 437 

between the individuals from Forest 1 and Forest 2 was moderate (ϕST 1-2 =0.14 / RST= 0.15) 438 

over a distance of approx. 6 km. Also, the results of gene flow were higher between these two 439 

forests, suggesting that the moderate differentiation of these forests could be recent. The 440 

previous findings are consistent with the results obtained with the STRUCTURE software, 441 
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where the differentiation between Forest 1 and 2 from Forest 3 was evident.  442 

The strong genetic differentiation in Forest 3 population from the other two forests 443 

could be the product of isolation by distance. A small positive and significant correlation was 444 

found between the individuals of populations from Boyacá (Forest 1 and Forest 2) and 445 

individuals of population from Santander (Forest 3). This finding is also concordant with the 446 

results obtained for the number of migrants per generation among the individuals of all 447 

forests, where low levels of gene flow from Forest 3 to the other two forests was found. 448 

Therefore, the difference in the number of migrants per generation among all forests might be 449 

explained by factors as isolation by distance, landscape dynamics and dispersion mode of the 450 

fungi (Sheedy et al., 2015). Thus, our results are consistent with those report by (Xu et al., 451 

2008)  who using ITS-RFLP and 20 SNPs on 17 locations in South-Western China, reported 452 

the strongest differentiation between two populations of Tricholoma matsutake (Fst=0.23), 453 

showing isolation by distance over 1050 km (Mantel test: R2=0.32, P=0.03) and suggest 454 

limited gene flow between populations. However, Douhan et al. (2011) reviewed several 455 

studies in which analyses such as Mantel tests of isolation by distance and the estimates of 456 

gene flow may vary depending on the ECM species evaluated, moreover they show that 457 

within the same species the results of correlation of genetic and geographic distances, and 458 

gene flow are not as evident and consistent as in T. matsutake (Xu et al., 2008) 459 

An alternative explanation for the observed pattern of genetic structure among forests 460 

could be associated to genet sizes. Forests 1 and 2 have few large genets associated with fungi 461 

of late colonization, in these forests expansion of vegetative mycelium seems to be the 462 

prevalent mode of dispersal, reflected on the lower estimates of genetic diversity –– especially 463 
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for Forest 1. However, in these forests the mean of genet size (small genets) could indicate a 464 

likely young population that is already beginning to establish in these locations. The 465 

population of Forest 3 is composed by small genets typical of fungal with early colonization, 466 

that have started their colonization via spores; they often have greater genotypic diversity, as 467 

seen in this study. This suggests that individuals from Forest 3 could be representing a 468 

younger population of individuals. In the study of (Liang et al., 2004) high genetic diversity 469 

was found in the populations of Russula vinosa with genet sizes no larger than 1 m, 470 

concluding that the studied populations mainly spread by short-distance spore dispersal rather 471 

than vegetative growth or long-distance spore dispersal. These results can be compared with 472 

the results obtained in Forest 3, where the small genets could be spread by short-distance 473 

spore dispersal. 474 

 475 

Conclusions  476 

We report strong genetic differentiation and decreased gene flow at greater distances, both 477 

features associated with a pattern of geographic isolation. Future studies would benefit from 478 

combining genetic data from both the ectomycorrhizal species and its oak host, as a mean to 479 

understand the influence of the host in the genetic structure of the fungal species. 480 

Furthermore, it is necessary that higher numbers of sporocarps are included when population 481 

genetics parameters are estimated, since in species where the genet size is not known a priori 482 

individuals need to be defined. We understand and we are aware that for the particular case of 483 

this study more sporocarps should have been included for Forest 3 to corroborate the results 484 

of genet size compared to the other two forests. However, the collections of these fungi are 485 
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highly dependent on the environmental conditions. 486 

 487 
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 642 
Table 1.  Microsatellites loci used for cross amplifications. 643 
 644 

 645 

  646 
Locus Species  Repeat motif  Primer sequence (5′–3′)  Allele size 

(pb) Source  

Allele size 
(pb) to 

Lactifluus 
deceptivus 

  Lactarius 
deliciosus FAM- (GTG)4 

F: TAA CTC AAC ACA TAC AC 

400 - 1200    
Hortal et 
al., 2006 

90 - 517           
280-273           
317-320            
511-517 

R: ATC CCA GTA GTC ATC  

 Lacmam 14  Lactarius 
mammosus FAM- (GGT)6  

F: CTGCGTATGTGGTGCATTG  
209–218  

Högberg et 
al., 2009 

255-273  
R: TGCCTCGCTTACCTTACCAC 

Lacmam 19 Lactarius 
mammosus FAM- (GT)12  

F: ACTCAGATGCGGGTGTTTTC 
127–131  151-171  

R: AATTGCAGTAGCCCACCATC  

 Lacmam 22  Lactarius 
mammosus 

FAM- 
(GGT)2(GAT)(GGT)6  

F: AGGTCAGGCAGAGGCTGAG  
80–86  127-147 

R: CTTTCCTATTGGCCCTCCTG 

Lacmam 24 Lactarius 
mammosus FAM- (ACC)8 

F: 
GGCGATTAACCAGTGATTACC  152–155  87-138  
R: CCAATCTGGTGGTGGATACC  

RA5 Russula brevipes FAM- (GA)n 
F: 
CCATAGTGTCCCTACGAATCA 175 - 199 

Bergemann 
et al., 2005 

199 - 235 
R:GGAGGAAGAGGAAGCCTAAG  

RB23  Russula brevipes JOE- (CAG)n  
F:CAGCCGTCTTTCTCTCTCC 

187 - 233 158 - 162             
195- 197 R:GCCTTGAATCACTACCTCCA  
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Table 2. Allelic richness and diversity within the Lactifluus deceptivus populations studied for the three forests. Values are 647 

the average of all microsatellite loci used. 648 

 649 

N= Number of collection, MLG= Number of multilocus genotypes (MLG) observed, eMLG= Number of expected MLG at the 650 

smallest sample size ≥ 10 based on rarefaction, I = Shannon's Information Index, Hexp= Nei’s unbiased gene diversity, Ho = 651 

Observed Heterozygosity, He = Expected Heterozygosity, uHe = Unbiased Expected Heterozygosity, NPA= Total number of 652 

private alleles, Fis = Inbreeding coefficient.  653 

 654 

 655 

  656 

Forests N MLG eMLG I Hexp Ho He uHe NPA AR Fis  

Forest 1 40 15 10 (+/- 0.72) 0.85 (+/-0.08) 0.58 1.00 (+/-0.01) 0.55 (+/-0.03) 0.58 (+/-0.03) 1.00 (+/-0.10) 0.85(+/- 0.07) -0.83 (+/- 0.24) 
Forest 2 40 15 10 (+/-0.88) 0.91 (+/-0.10) 0.59 0.92 (+/-0.08) 0.56 (+/-0.04) 0.59 (+/-0.04) 0.00 (+/-0.00) 0.66 (+/- 0.15)  -0.92 (+/- 1.59) 
Forest 3 10 8 8 (+/- 0.40) 0.95 (+/-0.07) 0.63 0.97 (+/_0.02) 0.58 (+/-0.02) 0.63 (+/-0.03) 0.80 (+/-0.33) 0.68 (+/-0.08) -1.29 (+/-1.81) 

Mean  30 12.67 9.33 (+/- 
0.65) 0.90 (+/- 0.05) 0.66 0.96 (+/- 0.03) 0.56 (+/- 0.02) 0.60 (+/- 0.02) 0.60 (+/-0.14) 0.73 (+/-0.10) -1.01 (+/- 1.21) 
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 657 

Table 3.  Pairwise comparison of genetic differentiation (ϕST and RST an analogue of Fst) among forests. 658 

  Forest 1 Forest 2 Forest 3  
Forest 1 - 0.15 0.20 

Forest 2 0.14 - 0.18 
Forest 3 0.32 0.23 - 

    
ϕST values below the diagonal, above values the diagonal show the RST.  The blond values indicate significant differentiation among 659 

populations (P<0.01) based on 999 permutations. 660 

  661 
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 662 
 663 

Table 4. Analysis of molecular variance (AMOVA) for 38 genets of Lf. deceptivus in three forests of Colombia 664 

Source of variation df SSD MSD Variance component Total% P-value 

Among forests 2 49.03 24.52 1.55 22% <0.001 

Within forests 35 194.13 5.55 5.55 78% <0.001 

Total 77 243.16 
 

7.10 100% 
  665 

  666 



 37  

 667 
 668 

Table 5. Gene flow between three Forests of Lactifluus deceptivus.  669 

   M  Number of Migrants per generation (4Nm)  
  Theta Forest_1 Forest_2 Forest_3 Forest_1 Forest_2 Forest_3 

Forest_1 0.097 - 20.33 13.77 - 1.97 1.34 
Forest_2 0.095 72.54 - 5.40 6.89 - 0.51 
Forest_3 0.042 44.82 54.71 - 1.89 2.31 - 

 670 

The mean Bayesian inference estimate for Θ = 4Neµ, where Neµ is the effective population size and µ is the mutation rate per 671 

generation and per site, and for M (scaled number of migrants m/µ, where m= migration rate), are given. The effective number of 672 

migrants (4Nem) can be calculated as (ΘM).  673 



Figure Legends 674 

Figure 1. Collection sites of Lactifluus deceptivus. Map of the study region showing the 675 

three oak forest where the Lf. Deceptivus specimens were collected.  676 

Figure 2. Microscopic structures typical of Lactifluus deceptivus. a., d., and f. Cistidium 677 

type clavate, cylinder clavate, and mucronate; b. and c. Holobasidia typical; e. Specialized 678 

cells, lactiferous, secrete latex; g. and h. Basidiospores amyloid, globose and subglobose, with 679 

decoration type aculate. 680 

Figure 3. Relative position of Lactifluus deceptivus genets in the three forests. Different 681 

shapes represent the collection years: star corresponds to sporocarps collected in 2013, circle 682 

in 2014, pentagon 2015, and square in 2016. Sporocarps of identical genotypes are connected 683 

by dotted lines and different colors. For the Forest 1, pink color. The Forest 2, purple color. 684 

The Forest 3, green color.  685 

Figure 4.  Confidence interval and size mean of each forest. The pink boxplot show the 686 

confidence interval (CI) of 20.7 m - 3.2 m and size mean of genet 11.7 m of Forest 1, the 687 

purple boxplot of the Forest 2 show CI = 25.8 m – 4.8 m and size mean = 16.5 m of Forest 2 688 

and the green boxplot show the CI= 11.85 m – 6.15 m and size mean 9 m of Forest 3.  689 

Figure 5. Structure analysis of SSR data for Lactifluus deceptivus samples. Each bar 690 

represents one individual, its coloration corresponds the percentage its genotype shared with 691 

the respective cluster. a) Assignment of Lf. deceptivus individuals to 2 clusters as inferred by 692 

STRUCTURE. b) Evanno method to evaluate the most likely (highest Δk) cluster number in 693 

Lf. deceptivus without locprior option. 694 
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Figure 6. Principal components analysis (PCA) of SSR data of three Forest. Filled pink 695 

circle: Forest 1, filled purple circle: Forest 2 and filled green circle: Forest 3. Scores scatter 696 

plots of the PCA of individual alleles to Lactifluus deceptivus samples. The PC1 and PC2 697 

values represent the scores of the samples in principal components 1 and 2, which account for 698 

79% of the total variations. 699 

Figure 7. Estimates of migration rates between populations of Lactifluus deceptivus. The 700 

forests were numbered with a corresponding number, Forest 1(Pink) = 1, Forest 2 (Purple) = 2 701 

and Forest 3 (Green) = 3. The size of each circle represent to theta values, which are a 702 

measure of effective population size and that is define as Θ = 4 Ne µ, where N = Effective 703 

population size and µ= mutation rate estimate for each locus. The arrows correspond to 704 

effective migration per generation (4Ne m) between forests, which correspond to 4Ne m = 705 

Θ*M, where M= m/µ (m= migration rate). 706 

  707 
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 708 
 709 

 710 
 711 
 712 
 713 
 714 
 715 

Figure 1 Collection sites of Lactifluus deceptivus. Map of the study region showing the three 716 

oak forest where the Lf. Deceptivus specimens were collected.  717 

 718 

 719 
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 720 

 721 

Figure 2. Microscopic structures typical of Lactifluus deceptivus. a., d., and f. Cistidium 722 

type clavate, cylinder clavate, and mucronate; b. and c. Holobasidia typical; e. Specialized 723 

cells, lactiferous, secrete latex; g. and h. Basidiospores amyloid, globose and subglobose, with 724 

decoration type aculate.  725 
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 727 

Figure 3. Relative position of Lactifluus deceptivus genets in the three forests. Different 728 

shapes represent the collection years: star corresponds to sporocarps collected in 2013, circle 729 

in 2014, pentagon 2015, and square in 2016. Sporocarps of identical genotypes are connected 730 

by dotted lines and different colors. For the Forest 1, pink color. The Forest 2, purple color. 731 

The Forest 3, green color.  732 
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 735 

Figure 4.  Confidence interval and size mean of each forest. The pink boxplot show the 736 

confidence interval (CI) of 20.7 m - 3.2 m and size mean of genet 11.7 m of Forest 1, the 737 

purple boxplot of the Forest 2 show CI = 25.8 m – 4.8 m and size mean = 16.5 m of Forest 2 738 

and the green boxplot show the CI= 11.85 m – 6.15 m and size mean 9 m of Forest 3. 739 
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 740 

 741 

 742 

 743 

 744 

Figure 5. Structure analysis of SSR data for Lactifluus deceptivus samples. Each bar 745 

represents one individual, its coloration corresponds the percentage its genotype shared with 746 

the respective cluster. a) Assignment of Lf. deceptivus individuals to 2 clusters as inferred by 747 

STRUCTURE. b) Evanno method to evaluate the most likely (highest Δk) cluster number in 748 

Lf. deceptivus without locprior option. 749 
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 751 

Figure 6. Principal components analysis (PCA) of SSR data of three Forest. Filled pink 752 

circle: Forest 1, filled purple circle: Forest 2 and filled green circle: Forest 3. Scores scatter 753 

plots of the PCA of individual alleles to Lactifluus deceptivus samples. The PC1 and PC2 754 

values represent the scores of the samples in principal components 1 and 2, which account for 755 

79% of the total variations.  756 
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 757 

Figure 7. Estimates of migration rates between populations of Lactifluus deceptivus. The 758 

forests were numbered with a corresponding number, Forest 1(Pink) = 1, Forest 2 (Purple) = 2 759 

and Forest 3 (Green) = 3. The size of each circle represent to theta values, which are a 760 

measure of effective population size and that is define as Θ = 4 Ne µ, where N = Effective 761 

population size and µ= mutation rate estimate for each locus. The arrows correspond to 762 

effective migration per generation (4Ne m) between forests, which correspond to 4Ne m = 763 

Θ*M, where M= m/µ (m= migration rate). 764 
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Supplementary tables 765 

Supplementary Table 1. Samples collected from Lactifluus deceptivus in Forest 1, 2 and 3 (Boyacá and Santander) during 766 

2013-2016,  767 

Location Forest Latitude Longitude (-) Collection 
number 

Voucher 
(herbarium)  

Collection 
Date 

              

Colombia-Boyacá- 
Arcabuco- Vereda 

Centro 
Forest 1 5,759827778 73,44613889 

MCR #17   12/06/14 

MCR #22 
 

12/06/14 

MCR #23  12/06/14 

MCR #24 
 

12/06/14 

MCR #38 
 

12/12/15 

MCR #52  8/05/16 

MCR #53 
 

8/05/16 

MCR #54  8/05/16 

MCR #55 
 

29/11/14 

MCR #56  29/11/14 

MCR #58 
 

29/11/14 

MCR #63  29/11/14 

MCR #64 
 

29/11/14 

MCR #65  29/11/14 

MCR #66 
 

29/11/14 

MCR #67 
 

29/11/14 

MCR #68  29/11/14 

MCR #70 
 

29/11/14 

MCR #71  29/11/14 

MCR #78 
 

16/04/15 
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MCR #79 
 

16/04/15 

MCR #80  16/04/15 

NVE #318 
 

20/05/12 

NVE #319  20/05/12 

NVE #321 
 

20/05/12 

NVE #706  27/04/14 

NVE #707 
 

27/04/14 

NVE #707 
 

27/04/14 

NVE #708  27/04/14 

NVE #709 
 

27/04/14 

NVE #710  27/04/14 

NVE #711 
 

27/04/14 

NVE #712  27/04/14 

NVE #713 
 

27/04/14 

NVE #714  27/04/14 

NVE #715 
 

27/04/14 

NVE #716  27/04/14 

NVE #717 
 

27/04/14 

NVE #718 
 

27/04/14 

NVE #683   27/04/14 

Colombia-Boyacá- 
Arcabuco- Vereda 

Piedras Blancas 
Forest 2 5,789319444 73,46722778 

MCR #28   12/12/15 

MCR #29 
 

12/12/15 

MCR #30 
 

12/12/15 

MCR #31 
 

12/12/15 

MCR #32  12/12/15 

MCR #33 
 

12/12/15 
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MCR #34 
 

12/12/15 

MCR #35  12/12/15 

MCR #36 
 

12/12/15 

MCR #39  8/05/16 

MCR #40 
 

8/05/16 

MCR #41  8/05/16 

MCR #42 
 

8/05/16 

MCR #43 
 

8/05/16 

MCR #44  8/05/16 

MCR #45 
 

8/05/16 

MCR #46  8/05/16 

MCR #47 
 

8/05/16 

MCR #48  8/05/16 

MCR #49 
 

8/05/16 

MCR #50  8/05/16 

MCR #51 
 

8/05/16 

MCR #57  30/11/14 

MCR #59 
 

30/11/14 

MCR #60 
 

30/11/14 

MCR #61 
 

30/11/14 

MCR #62 
 

30/11/14 

MCR #69  30/11/14 

MCR #72 
 

30/11/14 

MCR #73  30/11/14 

MCR #74 
 

30/11/14 

MCR #75  30/11/14 
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MCR #76 
 

30/11/14 

MCR #77  30/11/14 

NVE #459 
 

30/03/13 

NVE #538  12/05/13 

NVE #541 
 

12/05/13 

NVE #576  15/12/13 

NVE #693 
 

27/04/14 

NVE #694   27/04/14 

Colombia- Santander- 
Belén- Vereda San 
jose de la montaña 

Forest 3 6,041616667 73,00077778 

MCR #4  11/06/14 

MCR #5 
 

11/06/14 

MCR #6 
 

11/06/14 

MCR #7  11/06/14 

MCR #8 
 

11/06/14 

MCR #9  11/06/14 

MCR #10 
 

11/06/14 

MCR #11   11/06/14 

NVE #472 
 

27/04/13 

NVE #508   11/05/13 

 768 

  769 
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 770 

Supplementary Table 2. Statistical analysis of assessed morphological traits 771 

Parameters Normality  
Pairwise comparisons using Tukey and Kramer 

(Nemenyi) test 

    
Forest 1-Forest 

2 
Forest 1-Forest 

3 
Forest 2-Forest 

3 
Qspores  p-value < 2.2E-16 1.00 1.00        0.78 

Basidia (L)  p-value = 1.033E-4 0.22 7.28E-14 7.97E-14 
Basidia (W)  p-value < 2.2E-16 8.30E-14 1.79E-4 0.013 
Cystidia (L)  p-value < 2.2E-16 0.065 1.59E-13 4,96E-09 
Cystidia (W)  p-value < 2.2E-16 4.46E-10 0.001 7.07E-5 

 772 

Bold values indicate significant differentiation among populations (α=0.05). 773 

 774 

  775 



 52  

 776 

Supplementary Table 3. Coefficients of linear discriminants (LDA) of assessed quantitative morphological traits of 777 

Lactifluus deceptivus  778 

Parameters  LD1  LD2 

SporesL 0.17  -0.21 
SporesW -3.97  0.17 
Qspores -2.38 1.82 

BasidiosL 0.09    0.02 
BasidiosW -6.87 -0.65 
CistidiosL  0.02 -0.01 
CistidiosW  0.12 -0.02 

Trace proportion  0.91 0.08 
 779 

Values in bold represent the variables that best differentiate the forests. 780 

 781 

 782 

 783 

 784 

 785 

 786 
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Supplementary Table 4. Values of Mantel test to between each forest. 787 

 RXY P-value 
Forest 1-2 0.05 0.001 
Forest 2-3 0.38 0.001 
Forest 1-3 0.69 0.001 

 788 

 789 

 790 

 791 

 792 



Supplementary figure legends 793 
 794 

Supplementary Figure 1. Comparative morphology traits, Qspores, basidia width, 795 

basidia length, cystidia width and cystidia length of Lactifluus. Differences on 796 

morphology traits tested among forests. Forest 1 samples are shown in pink, Forest 2 samples 797 

in purple, and Forest 3 samples in green. 798 

 799 

Supplementary Figure 2. Plot of the morphological traits of Lactifluus deceptivus 800 

samples using a linear discriminant analysis (LDA) showing the first and second 801 

discriminant components. Forest 1 samples are shown in pink, Forest 2 samples in purple, 802 

and Forest 3 samples in green. 803 

 804 

Supplementary Figure 3. The size and frequency of alleles of Lactifluus deceptivus sampled 805 

from three Forest of Colombia. Each bar represents the frequency of the particular allele in 806 

each forest, Forest_1 pink color, Forest_2 purple color and Forest_3 green color. 807 

Supplementary Figure 4. Structure analysis of SSR data for Lactifluus deceptivus 808 

samples. Each bar represents one individual; its color corresponds to the percentage its 809 

genotype shares with the respective cluster. a) Assignment of Lf. deceptivus individuals to 3 810 

clusters as inferred by STRUCTURE, second most probable K. b) Evanno method to evaluate 811 

the most likely (highest Δk) cluster number in Lf. deceptivus without locprior option  812 
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 813 

Supplementary Figure 1. Comparative morphology traits, Qspores, basidia width, 814 

basidia length, cystidia width and cystidia length of Lactifluus. Differences on 815 

morphology traits tested among forests. Forest 1 samples are shown in pink, Forest 2 samples 816 

in purple, and Forest 3 samples in green 817 
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 818 

Supplementary Figure 2. Plot of the morphological traits of Lactifluus deceptivus 819 

samples using a linear discriminant analysis (LDA) showing the first and second 820 

discriminant components. Forest 1 samples are shown in pink, Forest 2 samples in purple, 821 

and Forest 3 samples in green. 822 
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 824 

 825 

 826 

 827 

 828 

 829 

Supplementary Figure 3. The size and frequency of alleles of Lactifluus deceptivus sampled 830 

from three Forest of Colombia. Each bar represents the frequency of the particular allele in 831 

each forest, Forest_1 pink color, Forest_2 purple color and Forest_3 green color. 832 
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 837 

 838 

 839 

 840 

 841 

Supplementary Figure 4. Structure analysis of SSR data for Lactifluus deceptivus 842 

samples. Each bar represents one individual; its color corresponds to the percentage its 843 

genotype shares with the respective cluster. a) Assignment of Lf. deceptivus individuals to 3 844 

clusters as inferred by STRUCTURE, second most probable K. b) Evanno method to evaluate 845 

the most likely (highest Δk) cluster number in Lf. deceptivus without locprior option. 846 
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